Sufficient conditions for the relation tanβ ≃ m t /m b to hold in supersymmetric grand unified theories are formulated. Essential ingredients are the SU(2) R gauge symmetry and a discrete matter parity. The applicability of our conditions is illustrated by specific examples. Implications for neutrino masses are discussed.
The minimal supersymmetric standard model (MSSM), in spite of the large number of undetermined parameters that it contains, is widely believed to be the correct effective low energy theory of strong, weak and electromagnetic interactions. One hopes, of course, that at least some of the parameters of this model will be determined by embedding the standard gauge group in a larger (unifying) one. This hope seems to be closer to fulfillment as far as the well-known parameters sin 2 θ w and α s of the model are concerned. Assuming a supersymmetry breaking scale M s ∼ 1 TeV, the renormalization group (RG) equations of the MSSM are remarkably consistent (1) with the observed values of sin 2 θ w and α s and the unification of the three gauge couplings at a superheavy scale ∼ 10 16 GeV.
The supersymmetric version of the standard electroweak theory, however, although more successful than the non-supersymmetric one with respect to "predicting" the ratio of the gauge couplings, introduces an important undetermined new parameter by necessitating the doubling of the number of electroweak higgs doublets. This new parameter, known as tanβ, is the ratio of the vacuum expectation values (VEVs) of the doublet h (1) giving mass to the up-type quarks and the doublet h (2) giving mass to the down-type quarks and charged leptons. The embedding of the MSSM in the simplest supersymmetric grand unified theory (SUSY GUT), the minimal SUSY SU(5) model, fails to determine tanβ. However, SUSY GUTs based on larger groups, like SO(10), may lead (2) to the asymptotic relation tanβ = m t /m b . In deriving this relation in SO(10), the assumption is made that the third generation fermions (mostly) acquire mass from a single 16 × 16 × 10 coupling with the electroweak higgs doublet pair contained primarily in the 10-plet.
This way the large mass of the t-quark is explained without invoquing large ratios of yukawa couplings within the third generation. Besides, detailed investigations (3) have shown that large tanβ scenarios combined with radiative electroweak breaking lead to very interesting sparticle spectroscopy.
Our purpose here is to formulate, in the context of SUSY GUTs, widely applicable conditions under which the relation tanβ ≃ m t /m b holds. A discrete matter parity (MP) and the SU(2) R gauge group are essential ingredients of these conditions which we apply to specific SUSY GUT examples.
In particular, we are primarily interested in embeddings of the MSSM into SUSY GUTs with semi-simple gauge groups.
We consider SUSY GUT models which, below an energy scale M, have a symmetry group P × G. P is a global symmetry group and
G LR breaks spontaneously down to the standard gauge group
At energies ∼ M s , the unbroken symmetry group contains C × G S , where C is a Z n symmetry. We will assume, without any essential loss of generality, that the generator of C is obtained by multiplying an element of P with an element of the Cartan subgroup of G commuting with G S . For the spectrum of the model, we assume that all G-non-singlet states are either heavier than M or lighter than
and the only states which are massless in the supersymmetric limit are the states of the MSSM on which C acts as a (generation blind) Z n matter parity (4) . The unique pair of electroweak higgs doublets h (1) ,h (2) is assumed to form a single (2) L -doublets). We see that the tree-level up and down quark mass matrices are proportional with proportionality constant equal to tanβ.
A similar proportionality holds between neutrino Dirac mass matrices and charged lepton mass matrices. Phenomenologically, this proportionality is unacceptable for the quarks of the first two families. We assume that for the first two families there should be considerable corrections to the tree-level mass matrices from other sources whereas there should be no such sizeable corrections for the third family (5) . Thus, we conclude that our scheme leads to the relations mentioned earlier.
In the special but very common case of a Z 2 MP, one could relax the assumption that h (1) , h (2) are partners in a single SU(2) R -doublet h.It is enough to assume that they just belong to SU(2) R -doublets and that (below M) there are no other states which belong to SU(2) R -doublets and carry the same C × G S quantum numbers as h (1) , h (2) . We remind the reader that under the Z 2 MP the electroweak higgs doublet pair remains invariant while the ordinary quarks and leptons change sign. Let h (2)′ be the partner of
′ and ℓ i 's have the same quantum numbers. Then, if h (2)′ has different MP from h (2) , namely minus, it must coincide with one of the light leptons ℓ i . This is, of course, impossible because the ℓ i 's are not SU(2) R -doublets. Therefore, h (2)′ belongs to a SU(2) R -doublet and is identical under C × G S with h (2) .
Consequently, h (2)′ coincides with h (2) . Thus, h (1) and h (2) are partners in a single SU(2) R -doublet h.
Finally, even in the general case of a Z n MP, there are situations in which one could relax the assumption that h (1) , h (2) belong to the same SU(2) R -doublet. In fact, no assumption whatsoever on the SU(2) R properties of 
are certainly allowed (by SU(2) R symmetry) leading to the conclusion that h (2)′ and h (2) are indistinguishable under C ×G S and, consequently, identical.
Thus, h (1) and h (2) are partners in a single SU(2) R -doublet h.
We should point out here that global symmetries acting as matter parities are standard ingredients of supersymmetric models. They are introduced in order to deal with the well-known problem of rapid proton decay through d = 4 operators at the level of the supersymmetric standard model. Therefore, our assumption that the gauge group G S is supplemented with a MP C should not at all be considered as an extra restriction.
As a first application, we consider a SUSY GUT model with a P × G symmetry, where P is a Z 2 global symmetry and the gauge group G ≡ SO (10) ⊃ G LR . The scale M here could be taken to be the Planck mass M P ∼ 10
19
GeV. G breaks down at a scale M ′ ≡ M R ∼ 10 16 GeV directly to G S using higgs fields with P = +1 in the 16, 16, 126, 126, 45, 54 and 210 representations of SO(10). The three ordinary light generations are contained in three 16-plets with P = −1. There are also 10, 126 and 120 representations of SO (10) with P = +1. We assume that the electroweak higgs doublets h (1) , h (2) are partners in a single SU (2) To construct an example with automatically large tanβ and the usual MSSM predictions of sin 2 θ w and α s , we consider a model with symmetry P 1 × P 2 × P 3 × G, where P 1 , P 2 and P 3 are Z 2 , Z 2 and Z 7 global symmetries respectively and G the gauge group SU (4) 
oneĀ L (+1, −1, α 6 ), one A R (+1, +1, α) and oneĀ R (+1, +1, α 6 ), where the transformations of the various fields under the generators of P 1 , P 2 , P 3 are given in parenthesis and α = e 2πi/7 . The large VEVs, all of the order of M R ≃ 10 16 GeV, are acquired by the fields B(+1, +1, 1), A R (+1, +1, α), A R (+1, +1, α 6 ) and T (+1, +1, α 3 ). As a result, the gauge group G breaks down to G S and the symmetry P 3 breaks down completely. The symmetry As another example, we consider a SUSY model with symmetry group In the absence of P 2 , there are no light states which could play the role of the electroweak higgs doublets. This is due to the fact that the only states able to play such a role, namely H (1) , H (2) , ℓ o andl o , acquire tree-level masses ∼ M. P 2 , however, allows the mass terms < ν c > H (1) ℓ o and Ml o ℓ o but forbids the mass terms MH (1) H (2) and <ν c >l o H (2) . As a result, there is an electroweak higgs doublet pair
(where 1) ] and ℓ o acquiring superheavy masses ∼ M. P 2 must, of course, be broken in order for a higgsino mass term ∼ M s to be generated.
achieves this breaking. The superpotential coupling Our relation for tanβ follows immediately.
We can easily estimate the corrections to the relation for tanβ due to the spectrum above M. It should be clear that the only sizable correction could come from the fact that, due to the small (∼ M R /M) contribution of
is not exactly the SU(2) R -partner of h (2) . The exact relation
because H (1) , and notl o , couples to quarks and leptons. Using the readily obtainable relation < H (1) >= ρ < h (1) >, we get m t /m b = ρ tanβ. It seems that in this case the departure of the coefficient ρ from unity is ≃ (6), possesses a symmetry group P ×G with
We assume a common unified gauge coupling at a scale M c = 2.4 × 10 18 GeV as before. The model makes use only of gauge singlets, λ = (1, 3, 3) , Q = (3, 3, 1) and Q c (3, 1, 3) fields and their mirrors. The only difference from the model of ref. (6) is that we omit one P -invariant λ,λ pair in order to obtain the correct values of sin 2 θ w and α s since we now assume a two step symmetry breaking chain. In summary, we investigated the possibility that the well-known free parameter tanβ of the MSSM can be determined by embedding MSSM in a SUSY GUT. Sufficient conditions for the relation tanβ ≃ m t /m b ≃ m D ντ /m τ to hold were given and the importance of the SU(2) R gauge symmetry in this connection was emphasized. We discussed examples of such SUSY GUTs in some detail with particular emphasis on semi-simple gauge groups.
